The U.S. Army Corps of Engineers' design procedure for roller-compacted concrete (RCC) pavements assumes that no load transfer is achieved at RCC joints or cracks. This is in contrast to the Corps of Engineers' rigid pavement design procedure for airfields, parking areas, and open storage areas, where a 25 percent load transfer is assumed for all joints and cracks. The no-load-transfer assumption for RCC pavements is conservative and is based upon limited data that indicated that RCC pavement joints did not achieve a 25 percent load transfer. The purpose of this study was to identify common types of RCC pavement joints and cracks, to determine the load transfer characteristics of these joint and crack types at 12 RCC pavement test sites using the falling weight deflectometer and to indicate the effect of incorporating these load transfer characteristics within the corps' RCC pavement design procedure. Thirteen RCC pavement joint and crack types were identified. The mean load transfer achieved at these joints and cracks varied from 4 percent to 32 percent, and was no less than 10 percent for the most common joints and cracks found. In two design examples comparing the existing corps RCC pavement design procedure with a modified version incorporating 10-15 percent load transfer, the design RCC pavement thickness decreased 8-17 percent.
Roller-compacted concrete (RCC) pavements are a product of relatively new construction procedures that have been used in military and civilian applications in the United States since 1983 (1) . RCC pavements are constructed using a zero-slump portland cement concrete mixture that is typically placed with a modified asphalt paver and compacted with rollers while still fresh. By using this construction technique, in which relatively large volumes of concrete pavement can be placed with minimal labor and equipment, savings averaging 20-30 percent of the cost of conventionally placed concrete pavements (fixed-form or slip-form construction) have been realized (2) . The absence of reinforcing steel and dowel bars also contributes to the overall savings.
Another feature of RCC pavements that contribute to the overall savings is the frequent lack of sawed contraction joints used to control the location of naturally occurring shrinkage cracks. The natural cracks that do form in RCC pavements may be spaced at relatively large intervals, from 10 m to more than 30 m (30 ft to more than 100 ft) apart depending upon the thickness of the slab and the frictional restraint of the base (3). These natural cracks often result in relatively large crack widths, which are not conducive to good load transfer characteristics. In later RCC construction, the use of sawed contraction joints to control the location of naturally occurring cracks became more prevalent in applications where the final appearance of the pavement was deemed more important than the initial cost savings of not sawing joints.
The Corps of Engineers' RCC pavement design procedure is essentially a conservative interpretation of the corps' rigid pavement design procedure for plain, nonreinforced concrete pavements. The corps' design procedure for plain concrete pavement assumes a 25 percent load transfer (for maximum stress reduction) at all joints in airfield pavements, parking areas, and open storage areas (4) . This means that the maximum stress in a concrete slab from a load applied next to a joint is reduced by 25 percent, assuming that the adjacent unloaded slab at the joint will carry the remaining load through a vertical shear transfer at the joint interface. This vertical shear may be carried by dowels, keys, aggregate interlock, or combinations of these mechanisms. The load transfer at a joint is directly related to the joint efficiency, which is the ratio of the maximum deflection of an unloaded slab to the maximum deflection of an adjacent slab loaded next to the joint between the slabs.
In the corps' design procedure, RCC pavements are assumed to have no capacity for load transfer at joints or cracks (5), which typically results in a thicker RCC pavement section than would be required for a conventional concrete pavement. This conservative assumption is based on relatively few load transfer tests that were conducted at Ft. Hood, Texas, on joints and cracks in the earliest RCC pavements built for U.S. military applications. The load transfer results indicated that the amount of load transfer to be expected from naturally occurring shrinkage cracks or sawed contraction joints was neither sufficient nor consistent enough to be used in the design of the pavement thickness.
The corps' RCC pavement design procedure would benefit from a better understanding of the behavior of load transfer at RCC joints and cracks. This better understanding would result in a more efficient RCC pavement thickness design procedure, not too conservative nor unconservative. For this reason, a comprehensive study was undertaken to determine the load transfer characteristics of RCC pavement joints and cracks. The specific objectives of this study were as follows:
• Identify the types of joints and cracks typically found in RCC pavements;
• Evaluate the joint efficiency of RCC pavement joints and cracks in the field using nondestructive testing techniques;
• Analyze the load transfer characteristics of RCC pavement joints and cracks from these data, and
• Show the effect of the load transfer results on the corps' RCC design procedure.
SELECTION OF RCC PAVEMENT SITES FOR JOINT EFFICIENCY TESTING
Twelve different RCC pavement areas at five locations were selected for testing in this study. The areas selected represent a variety of environmental and load support conditions around the country, as well as joint and crack types and spacings. The five sites were Ft. Drum, New York; Ft. Campbell, Kentucky; Spring Hill, Tennessee; Ft. Hood, Texas; and Austin, Texas. Information pertinent to the specific pavement areas at each location is presented in Table 1 .
The applications for the pavements selected for this study were typical industrial or military RCC use, primarily heavy, low-speed traffic. The pavement at the Central Freight Lines Terminal in Austin is used by tractor-trailer trucks to maneuver freight around the terminal; Tuscany Way is an access road for both the terminal and other businesses nearby. All of the pavements tested at Ft. Campbell and Ft. Drum were at either motor pools or maintenance shops for all types of military vehicles, including tanks and trucks. The "PN" designations for the pavements at Ft. Drum refer to the project numbers used during the construction of the pavements. Three of the pavement test areas at Ft. Hood were at motor pools or maintenance shops, and their designations were derived from the closest building number. The two other test areas at Ft. Hood were a tank wash facility and a tank trail leading to the tank wash. The Saturn Plant Zenith Road is part of a ring road around the main automobile assembly building, used primarily by tractor-trailer trucks and company vehicles.
Most of the joint efficiency tests were conducted at each location in August and September 1991, using the heavy weight deflectometer (HWD) at two drop heights or load levels, approximately 110 and 220 kN (approximately 25,000 and 50,000 lbs). The pavements at Tuscany Way and Ft. Campbell were also tested in the winter months (January 1992 and January 1991, respectively) to determine the effects of cold weather on the degree of load transfer achieved. Several of the pavements at Ft. Drum were tested previously in April 1990 using the falling weight deflectometer (FWD) [110-kN (25,000-lb) load level], and all of the pavements at Ft. Hood were tested in February 1990 using the FWD. At Ft. Hood Building 26027, joint efficiency tests had also been previously conducted using the WES 70-kN (16-kip) vibrator in March 1985; these data were included in the analysis. When the same area was tested two or more times throughout the years, every effort was made to test the identical joints or cracks each time, so the effects of time and age on joint efficiency could be determined.
At the time of testing, the pavements ranged in age from 8 to 86 months. The thicknesses ranged from 178 mm (7 in.) at Austin to 250 mm (10 in.) at Ft. Drum. All of the pavements tested were placed in one layer or lift; pavements thicker than 250-500 mm (10-12 in.) were usually placed in two or more layers due to the limited capacity of the pavers to place a greater thickness. Most of the pavements were placed on a very stable base, either lime stabi- lized or crushed stone, with thicknesses of base ranging from 100 mm to 300 mm (4 in. to 12 in.).
All pavements included in the RCC pavement test areas used a Type I cement and Class C or F fly ash, with total combined cementitious material weights of 244 to 356 kg/m 3 (411 to 600 lb/yd 3 ). The water/cementitious materials ratio ranged from 0.23 to 0.43 by weight, which resulted in relatively high flexural strengths (thirdpoint loading) of 3.79 to 5.75 MPa (550 to 835 psi). The maximum size aggregate used in the RCC at the various projects ranged in size from 13 mm (0.5 in.) at Ft. Drum to 38 mm (1.5 in.) at one portion of the RCC pavement at Ft. Hood Building 26027.
IDENTIFICATION OF RCC PAVEMENT JOINT AND CRACK TYPES
Although RCC pavements do not contain some joint types typically associated with plain concrete pavements, such as doweled joints, keyed joints, and joints with tie bars, the RCC construction procedure has lent itself to the formation of several unique joint and crack types. Some of the terms used to describe the joints-such as fresh joints and cold joints-are carryovers from the asphalt concrete paving procedure and refer to the conditions under which the joints were constructed.
Fresh joints, which are not really joints at all, are simply the juncture of adjacent paving lanes that have been placed and compacted together within sufficient time to create a continuous, monolithic slab across the joint. Cold joints are simply construction joints formed between paving lanes placed more than 1 hour apart (2) . Longitudinal cold joints are oriented in the direction of paving; transverse cold joints are oriented perpendicular to the direction of paving; and perpendicular cold joints are formed between lanes placed perpendicular to each other. Transverse cold joints are constructed by sawing across the ends of the paving lanes that have been rounded off by rolling and removing the excess material with front-end loaders or similar equipment. Finally, transverse contraction joints are cut with a concrete saw within 24 hours after the RCC is placed to create a weakened plane in the hardening and shrinking slab and to induce a crack.
Thirteen specific joint and crack types were identified ( Figure 1 ) at the RCC pavement test sites. Transverse cracks (TCs) were by far the most predominant cracks found; they are the naturally occurring cracks usually referred to when discussing the spacing of cracks due to drying shrinkage. Longitudinal cracks (LCs) were identified as those that occurred in the longitudinal direction somewhere between the edges of the paving lanes (between the longitudinal fresh and cold joints). Longitudinal cold joints (LCJs), transverse cold joints (TCJs), and perpendicular cold joints (PCJs) were those cold joints in which no saw cut or other particular preparation was made when constructing the joint. The LCJs were typically shaped by the edge of the paver screed as the lane was placed, usually leaving a slight inclination of the joint face from a vertical plane. The TCJs and PCJs were typically constructed by removing the excess material from the hardened lane with shovels, picks, or front-end loaders.
Some of the cold joints were made by using a concrete saw to make a partial-depth cut along the length of the cold joint, about 300 mm (1 ft) from the edge of the joint. This edge material was broken away from the rest of the slab by prying, thereby exposing a roughened vertical face at the bottom of the slab where the RCC had broken away. The edge material was removed from the rest of the slab because it was typically of a much lower density than the remainder of the slab, and therefore of much lower strength and more susceptible to raveling or deterioration (2) . The partialdepth-cut cold joints in the longitudinal (LCJP) and perpendicular (PCJP) directions were distinguishable by the relatively straight and unraveled edges of the joint created by the saw-cut edge along the joint. The depth of these saw cuts was typically one-third to one-half the thickness of the RCC pavement. In several areas, a full-depth saw cut was made during the construction of the perpendicular cold joints (PCJFs), effectively creating a butt-type construction joint.
The longitudinal semicold joints (LSJs) were identified as those joints constructed like longitudinal fresh joints, but cracked along the joint because an excessive period of time had elapsed between placing the adjacent lanes for full bonding to occur. Transverse sawed (TS) joints were contraction joints induced from saw cuts made perpendicular to the direction of paving to control the location of naturally occurring transverse cracks. The saw-cut depths were typically one-third to one-half the RCC thickness. Finally, butt-type joints were created by paving longitudinal (LCJR), transverse (TCJR), and perpendicular (PCJR) cold joints against conventional portland cement concrete pavements.
FIELD TESTING AND DATA COLLECTION
The Dynatest FWD and the HWD devices were used in this study for the field evaluation of RCC pavement joint efficiencies. These nondestructive testing devices, which involve the use of impulse loads applied to the pavement by use of falling weights to deflect the pavement surface, have gained wide acceptance. The FWD and HWD offer the advantages of good maneuverability, relatively quick testing, automated data recording, and a more realistic range of load applications. Foxworthy (6) demonstrated that these devices offer very good repeatability from test to test in the measurement of load and deflection, with the coefficient of variation of these measurements reducing to about 1 percent and 4 percent, respectively, at the 102-kN (23,000-lb) load level.
The FWD and HWD are trailer-mounted electrohydraulic devices that use weights from 2.2 kN to 8.9 kN (500 lbs to 2,000 lbs), respectively. The weight is dropped from heights ranging from 50 mm to 380 mm (2 in. to 15 in.) to impart dynamic half-sineshaped "impulse" loads with a duration of 25-30 msec on the pavement surface ranging from 6.7 kN to 120 kN (1,500 lbs to 27,000 lbs) for the FWD and 29 kN to 240 kN (6,500 lbs to 54,000 lbs) for the HWD. The instantaneous relative deflections are measured with velocity transducers located at the center of the plate and spaced every 305 mm (12 in.) up to 1 830 mm (72 in.) along a line radiating from the center of the 300-mm (11.81-in.) diameter loading plate. The load is measured with a load cell mounted between the drop weights and the steel loading plate (7 ).
Method of Test for Joint and Crack Efficiency
In the typical setup for joint efficiency testing with the FWD and HWD, the loading plate is lowered to the surface with the edge of the plate tangent to the joint or crack being tested. The HWD is oriented so that the line of velocity transducers crosses and is perpendicular to the joint or crack. This effectively locates a velocity transducer equidistant from the joint on either side of the jointapproximately 150 mm (6 in.) from the joint. These are the deflec-tions used in the calculation of the joint efficiency-the deflection of the unloaded side divided by the deflection of the loaded side. Each joint or crack was tested twice, with the plate on either side of the joint, to determine the effect (if any) of crack face skewing. The two tests for any particular joint were conducted in a very short time frame to minimize or eliminate the effects of temperature change on the two test values.
The HWD was also used to determine the "deflection basin" in several locations for each site. These midslab tests were conducted so that the plate was located approximately in the center of the RCC slab, or well distanced from any joint or crack. In this test, all of the velocity transducers are used to help determine the deflected shape (or basin) of the pavement surface under the dynamic load. The basin deflections can be used in layered elastic back-calculation methods to estimate the stiffness of the pavement layers, and can be used to calculate the modulus of subgrade reaction, or k value, under a rigid pavement. The deflected shape can also be used to estimate the radius of relative stiffness (l), which is divided into the radius of the loading plate to calculate the a/l ratio used (along with the joint efficiency) in determining the load transfer at the joints and cracks.
Collection of Field Test Data
The project site and location, date and time of test, and test number were recorded automatically by the HWD computer at each test location. The pavement surface temperature data were collected periodically with an infrared device pointed directly at the pavement surface to obtain, within seconds, a direct reading. An entire group of data (usually 12 test locations) was tested within the same time frame to minimize the effects of changing temperature on the joint efficiency results for that group.
The cracks and joints were identified by type according to the construction plans and judgment from visual observation of the RCC surface. The cracks and cold joints were classified according to orientation: transverse with respect to the paving lane, longitudinal (or parallel) with respect to the paving lane, or perpendicular if the adjoining paving lanes were paved in different directions (Figure 2 ).
ANALYSIS OF FIELD TEST DATA
The joint efficiency for each test location was calculated using the following formula:
where JE = joint efficiency, ∆ u = deflection of unloaded side of joint (mils), and ∆ l = deflection of loaded side (mils). The joint efficiency was calculated for the tests conducted on each side of the joint and the resulting two efficiencies averaged for that joint. This was done to counter any effects of crack face skewing on the joint efficiency. The average joint efficiency was then used to determine the average load transfer for each joint. The average load transfer was determined by using the a /l curves developed by Korovesis (8) relating joint efficiency to load transfer ( Figure 3 ). For each test, the radius of loaded area (a) was simply the radius of the HWD loading plate-about 150 mm (5.9 in.).
The radius of relative stiffness (l ) was determined by a backcalculation procedure based on a relationship between the normalized deflection basin area (AREA) and l proposed by Ioannides (9) . The parameter AREA for a deflection basin was defined by Hoffman and Thompson (10) as where AREA = normalized deflection area (in.), S = constant spacing between sensors, D i = deflection at sensor i (in.), and n = number of sensors used in calculation, less one.
At each test site, a series of 10 to 12 midslab deflection tests was conducted, and the AREA calculated for each by using the deflection sensors at 0, 3.5, 610, and 915 mm (0, 12, 24, and 36 in.). Assuming a dense liquid foundation, Ioannides (9) developed the unique relationship between AREA and l for the radius of loaded area a of 150 mm (5.9 in.)-the radius of the HWD loading plate. To simplify the calculation of l from the AREA (A), a sixth-order polynomial relationship was developed by linear regression, from the data generated by Ioannides: which is valid for values of A between 406 and 864 mm (16 and 34 in.).
After the a/l values were determined for each midslab test, the results were averaged to obtain the a/l value used in the joint efficiency/load transfer relationship. Table 2 summarizes the results of the backcalculated average a/l parameters for each location. At several of the areas-Tuscany Way; Ft. Drum PN69A, PN187, and PN203; and Ft. Hood Building 38033-no midslab tests were conducted, so these pavements were assumed to have the same l and k values as the other areas tested within the same location.
LOAD TRANSFER RESULTS

Effect of Joint Type on Load Transfer
The average, standard deviation, and maximum and minimum load transfer for each of the joint types depicted in Figure 2 is presented in Figure 4 . The number of tests per joint type includes all tests conducted between 1985 and 1992; therefore, some load transfer data taken from the same joints several times, in different years and seasons, are reflected in the averages. Apparently, the type of joint or crack has some influence on the load transfer achieved.
The largest overall load transfer of 31 percent was achieved at the LCJP joints, although only nine tests were represented in the average. The lowest average load transfer was achieved at the LCJPR joint (one test), which is essentially a butt joint where no load transfer device was used. The LCJ joints, where no special preparation was made to achieve load transfer, had an average load transfer of about 8 percent. It is obvious that the effect of partially cutting back the longitudinal cold joint and leaving a roughened interface on the lower half of the joint significantly improves the degree of load transfer achieved. The same effect is apparent for the perpendicular cold joints (PCJP versus PCJ), although the PCJP average is based on only three tests. The butt-type perpendicular joints (PCJF and PCJR) also indicated a surprisingly high degree of load transfer, with no apparent means of load transfer (no roughened joint interface), although these results are based on only two or three tests. These results could be due to the relatively high temperatures at which these tests were taken, however, causing the joint to close very tightly to achieve some degree of friction along the relatively smooth joint interfaces. The TCJs achieved a remarkably good load transfer (17 percent) compared with the other cold joints (LCJs and PCJs). Again, the procedure for constructing the TCJ could have resulted in a sufficiently roughened interface to contribute to good load transfer characteristics. Another anomaly was the exceptional load transfer achieved at the butt-type transverse cold joint (TCJPR), with no apparent shear load transfer mechanism-most of these few tests were conducted in relatively cool [13°C (55°F)] conditions at the Saturn Plant. The naturally occurring shrinkage cracks (LCs and TCs) exhibited relatively good load transfer characteristics-14 and 18 percent, respectively. The LSJs, which are essentially naturally occurring cracks at a weak longitudinal joint, also exhibited very good load transfer characteristics (20 percent). The load transfer characteristics of naturally occurring cracks would be expected to be among the best of the joint types tested because essentially the full thickness of the pavement contributes a roughened interface for the aggregate interlock shear action to work.
Finally, the TSs performed very well overall, with an average 23 percent load transfer for 106 tests. Considering that approximately one-fourth to one-third of the joint interface is smooth with a permanent gap from the saw cut, the load transfer is a result of the roughened interface in the lower two-thirds to three-fourths of the joint interface only. This reduced effective thickness apparently was not a handicap to the overall load transfer mechanism when compared with the load transfer of the naturally occurring cracks TCs, with the benefit of the full joint interface contributing to the shearing action. The TSs have the advantage of relatively consistent joint spacings [mean of 13.4 m (43.9 ft), coefficient of variation of 27 percent], which would contribute to a more consistent joint opening over a wide range of temperature changes compared with the TCs with similar but far more erratic spacings [mean of 13.0 m (42.6 ft), coefficient of variation of 62 percent].
From these data and analyses, the assumption of no load transfer at RCC pavement joints and cracks appears to be unnecessary. Assuming that only certain types of joints would be used in the construction of RCC (which could be addressed in the construction specifications), a mean load transfer of 10 to 15 percent could viably be used in the Corps of Engineers' RCC pavement design procedure with no sacrifice to the assumptions in the performance equations.
Effect of Age of Pavement and Pavement Temperature During Testing on Load Transfer
The effect of the age of the pavement (during the time of joint efficiency testing) on the mean load transfer obtained at TCs is illustrated in Figure 5 for nine test sites. Each site is represented by at least two points on the chart connected by a line, with each point representing different ages during testing. The two data points also represent the same set of joints tested for each site, as much as possible. The two data points per site typically represent tests con- ducted during different seasons or testing temperatures, or both. To roughly represent the testing temperature for each data point on the chart, a C is indicated beside the points representing an average pavement temperature below 24°C (75°F), and a W to represent a testing temperature above 24°C.
The trend of a slightly reduced overall mean load transfer of TCs with increased age of the pavement is somewhat apparent when all points are observed together. If each testing site (set of data points connected by a line) is observed separately, however, the effect of change in pavement temperature has as much or more effect on the load transfer as the age of the pavement. In three of nine cases represented on the chart, the mean load transfer is greater in the older pavement; however, in each case, the pavement temperature was warmer at the later age. In four of nine cases, the mean load transfer is slightly lower for the older pavement, even though the pavement temperature was warmer. In one case (Ft. Drum, PN 69A), the mean load transfer increases from 9 to 24 percent overnight, as the pavement temperature increases from one day to the next. Figure 6 illustrates the effect that a 10 or 15 percent load transfer assumption at RCC pavement joints would have on two Corps of Engineers thickness design examples, one for an airfield apron and one for a tank parking area. The design input parameters that were used in these examples are presented in Table 3 . In these typical examples, the reduction in RCC pavement design thickness from the current corps design criteria was 8 percent for the airfield apron and 11 percent for the tank parking area, assuming a 10 percent load transfer at all joints and cracks. If the load transfer assumption is increased to 15 percent, the respective decreases in thickness are 12 and 17 percent. Although some combinations of design input values would undoubtedly result in less thickness reduction than these examples-and some perhaps more-the benefit of increased load transfer is a general percentage reduction of thickness roughly corresponding to the amount of load transfer assumed in the design.
EFFECT OF LOAD TRANSFER ON CORPS OF ENGINEERS RCC PAVEMENT DESIGN
CONCLUSIONS
Based on the results of the RCC pavement joint efficiency tests, the load transfer calculations, and the comparison to the existing Corps of Engineers RCC pavement design criteria, the following conclusions can be drawn.
1. RCC pavement joints and cracks exhibit a wide range of load transfer characteristics, with mean values ranging from 4 to 32 percent, depending on the type of joint or crack. The scatter of the load transfer data also varies widely, with the coefficient of variation ranging from 5 to 87 percent of the mean. However, on the most widely used joint and crack types found in this study (the longitudinal cold joint, longitudinal semicold joint, perpendicular cold joint, transverse crack, transverse cold joint, and transverse sawed joint), the overall mean load transfer was no less than 8 percent. If longitudinal cold joints with partial-depth cut (mean load transfer of 31 percent) were used instead of the longitudinal cold joints, the minimum mean load transfer would be 12 percent (perpendicular cold joint).
2. If RCC pavements are constructed using only longitudinal cold joints with partial-depth cut, transverse cold joints, and transverse sawed (contraction) joints, a mean load transfer of 10 percent could safely be used in the Corps of Engineers design procedure.
3. The mean load transfer at transfer cracks (TCs) is somewhat influenced by the age of the pavement, but greatly influenced by the temperature of the pavement.
4. A mean load transfer of 10 to 15 percent could result in a design RCC pavement thickness reduction of 8 to 17 percent of the current Corps of Engineers RCC pavement design procedure, depending on the application being designed.
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